The effects of near-interfacial trapping induced by ionizing radiation exposure of aligned single-walled carbon nanotube (SWCNT) arrays are investigated via measurements of gate hysteresis in the transfer characteristics of aligned SWCNT field-effect transistors. Gate hysteresis is attributed to charge injection (i.e., trapping) from the SWCNTs into radiation-induced traps in regions near the SWCNT/dielectric interface. Self-consistent calculations of surface-potential, carrier density, and trapped charge are used to describe hysteresis as a function of ionizing radiation exposure. Hysteresis width (h) and its dependence on gate sweep range are investigated analytically. The effects of non-uniform trap energy distributions on the relationship between hysteresis, gate sweep range, and total ionizing dose are demonstrated with simulations and verified experimentally. V C 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Charge trapping at the interface of single-walled carbon nanotubes (SWCNTs) and dielectric substrates has been attributed as a primary mechanism for instability and nonideality in the electrostatic and transport properties of CNT-based electronic devices. [1] [2] [3] For example, dynamic electric field screening due to charge injection (i.e., trapping) near the SWCNT/dielectric interface is considered a significant contributor to gate hysteresis in the transfer characteristics of SWCNT field-effect transistors (FETs). [4] [5] [6] While recent advances in the fabrication and performance of aligned SWCNT FET make it a serious candidate for next generation nanoelectronics, [7] [8] [9] gate hysteresis remains a significant limitation. 10 The contribution of charge injection to gate hysteresis in SWCNT FETs has been demonstrated experimentally via characterization of the temperature dependence in the transfer characteristics 11 and using atomic force microscopy techniques. 12 Further understanding requires demonstrating the impact of charge injection mechanisms on gate hysteresis as a function of trap buildup and the effect of non-uniform trap energy distributions.
In this paper, we investigate gate hysteresis in the transfer characteristics of aligned SWCNT FETs and the impact of trapping center buildup induced by exposure to ionizing radiation. Measurements of hysteresis as a function of increasing radiation exposure and gate voltage (V g ) sweep range reveal non-uniform buildup in the energy distribution of trapping centers near the SWCNT/dielectric interface. The results are consistent with extensive studies on classical bulk semiconductor/oxide interfaces (e.g., in the Si/SiO 2 system). The analysis and discussion presented in this paper are supported with self-consistent calculations of surface potential and carrier densities in the SWCNTs and generation-recombination statistics at the radiation-induced trapping centers. Calculations of surface potential and carrier densities incorporate the SWCNT band structure, density of states, and quantum capacitance allowing investigating the dependence of charge injection mechanisms on SWCNT diameter and chirality. Fig. 1 are the SEM image of the aligned SWCNT arrays and the schematic diagram of the back-gated SWCNT FETs used in this study. 13 The aligned SWCNT FETs were fabricated via a facile transfer method of presynthesized nanotubes grown by chemical vapor deposition (CVD). The p-type SWCNT FETs consist of aligned tubes with common back gates, Ti/Pd source and drain contacts and SiO 2 gate dielectrics with a thickness of 50 nm. The SWCNT density is approximately 1 tube/lm with average tube diameter of $1 nm. We experimentally verified charge injection via near-interfacial donor-and acceptor-like traps through measurements of hysteresis in dual V g sweeps as a function of the sweep range (V gmax ). In these experiments, the forward sweep ranged from ÀV gmax to V gmax and the reverse sweep from V gmax to ÀV gmax , where V gmax ¼ 2, 4, 6, 8, and 10 V. Shown in Fig. 2(a) are the obtained drain current (I d ) vs. gate-to-source voltage (V gs ) characteristics for a SWCNT FET with W ¼ 200 lm, L ¼ 2 lm and using V ds ¼ À0.1 V. The inset in Fig. 2(a) plots the relationship between V gmax and the hysteresis width (h) defined as the difference in V g at I d ¼ I 0 for the reverse and forward V g sweeps. For the measurements shown here, I 0 ¼ 100 lA (e.g., the red arrow in Fig. 2(a) shows the extraction of h for V gmax ¼ 6 V). The results in Fig. 2(a) show an increase in h with V gmax attributed larger carrier densities in the SWCNTs contributing to charge injection resulting in accumulation of trapped charges. Additionally, negative voltage shifts in the The SWCNT FETs were irradiated and measured under vacuum eliminating the ambiguities related to ambient moisture and molecular adsorption that may impact hysteresis and cause background SWCNT doping. 14, 15 The irradiation vessel was evacuated to a base pressure of <10 À5 Torr for 24 h (allowing stability in measurements following desorption of residual contaminants in the surface of the CNTs). In situ I d -V gs characterization under vacuum was done at several dose levels up to 2 Mrad(Si) in a 60 Co gamma ray source with a dose rate of $990 rad(Si)/s. Fig. 2(b) plots the I d -V gs characteristics as a function of total ionizing dose (TID) for a fixed sweep range of V gmax ¼ 8 V. In addition to increased h, the results reveal a reduction in transconductance consistent with mobility degradation as a function of TID. At every dose level, the hysteresis width h is extracted from the forward and reverse V g sweeps for increasing V gmax . Fig. 3(a) plots h as a function of V gmax for increasing levels of TID. The relationship between h and V gmax depends on the energy distribution of the trapping centers since the ionization probability for traps with energy levels closer to the band edges increases with V gmax . In other words, V gmax modulates the energy levels that are accessible for trapping. Therefore, the relationship between h and V gmax for increasing TID provides a way to characterize the energy distribution of the radiation-induced trap buildup. Fig. 3(b) plots the change in h (i.e., Dh ¼ h -h 0 , where h 0 is the hysteresis width prior to irradiation) as a function of TID and for increasing V gmax . These results indicate an increase in h with TID that is more significant for larger V gmax .
II. EXPERIMENTAL RESULTS
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III. THEORY
The effects of charge injection on gate hysteresis are described through the generation-recombination of carriers in the nanotube array via the interaction with near-interfacial traps in the gate dielectric with energies distributed within the energy bandgap (E G ) of the semiconducting SWCNTs. Generation-recombination statistics are investigated in context of the electronic properties of the SWCNTs. This section begins with describing calculations of bandstructure and DOS for SWCNTs then continues with calculations for capacitance and electrostatic potential for an array of aligned SWCNTs. Finally, charge trapping mechanisms are incorporated into the presented formulation, which is then used to demonstrate static and transient effects of traps near the SWCNT/dielectric interface. reproduce first-principle calculations for low-energy conditions in SWCNTs with diameters !1 nm. The NNTB energy dispersion is given by
where k x and k y are the CNT Brillouin zone wavevector x and y components and a ¼ ffiffi ffi 3 p a CÀC , where a CÀC ¼ 1.42 Å is the carbon-carbon bond length. 16, 17 The allowed wavevectors are constructed from the reciprocal lattice vectors along the SWCNT axial (K a ) and circumferential (K c ) directions as k ¼ (kT r /2p)K a þ jK c . 18 Here, k and j represent the allowed wavevectors within the CNT Brillouin zone. Restrictions on the wavevectors that result from boundary conditions on the Bloch wave functions result in N one-dimensional (1-D) sub-bands that are quantized along the circumferential direction of the SWCNT but continuous along the axial direction as k ¼ (Àp/T r , p/T r ), where T r is the magnitude of the SWCNT translation vector. 19 The density of states g(E) for SWCNTs is determined numerically from the sum of the contributions from each of the energy sub-bands as
The density of states calculation for the SWCNT results in a divergence of g(E, j) when the gradient of E vanishes. This gives several singularities in the g(E) relationship known as van-Hove singularities (VHS) due to the contributions from the different energy sub-bands that are characteristic of 1-D materials. Fig. 4 shows the bandstructure and density of states calculations for a (13, 0) CNT. Fig. 4 (a) plots the 1st three (double degenerate) energy sub-bands as a function of the wavevector and Fig. 4 (b) plots g(E) showing VHS at the lowest energy from each one of the subbands.
B. SWCNT capacitance and surface potential in aligned SWCNT arrays
Analyzing the electronic properties in arrays of aligned SWCNTs requires calculating the electrostatic channel potential (or surface potential, i.e., w s ) of individual SWCNT. This is a function of the capacitance per unit length (C CNT ) of a single tube in the array and depends on device geometry. C CNT consists of the series combination of two components, the quantum capacitance (C q ) and the electrostatic capacitance (C es ) and is, therefore, given by C -1
es . 20 The quantum capacitance is given by the change in charge density with surface potential and can be obtained numerically as
Here, q is the electronic charge, k B is the Boltzmann constant, and T is temperature. 18, 21 The electrostatic capacitance has been recently derived for a SWCNT from an infinite array of aligned tubes with uniform spacing (1/d) and is given by 
where e 0 is the vacuum permittivity, K d is the dielectric constant, t d is the thickness of the dielectric layer, d is the density, and r is the radius of the SWCNTs. 
Here, V fb is the flatband and V ox is the voltage drop in the dielectric. The energy band diagram of the gate-dielectric-SWCNT system shown in Fig. 6 provides a schematic depiction of the relationship between w s , V g , V fb , and V ox . In Fig. 6 , only the bottom of the conduction band (E Cb ) and top of the valence band (E Vt ) from the 1st sub-band are shown.
The w s (V g ) relationship in Eq. (5) is implicit in w s and must be solved numerically. Shown in Fig. 7 are calculations of w s and V ox for a (13, 0) SWCNT from an array with d ¼ 1 lm
À1
, t d ¼ 8 nm, and K d ¼ 3.9. At low gate voltages C q ( C es and w s is approximately linear with (V g -V fb ). For higher 6V g the charge in the SWCNT and C q increases rapidly pinning w s . At these higher values of 6V g (e.g., $61 V in Fig. 4) , most of the voltage drop is across the oxide.
C. Trapping at the SWCNT/dielectric interface
This section describes how charge-trapping mechanisms are incorporated into the calculations of SWCNT electrostatic potential (i.e., w s ). V fb accounts for the difference in workfunction between the gate and the SWCNT (i.e., U MC ) and is equal to the gate voltage required for w s to be zero. When charge is trapped in the dielectric layer, there is an additional shift in the SWCNT flatband voltage proportional to the effective number of charges trapped per unit length (i.e., N t ). The flatband voltage is expressed as
where N t is a combination of net effective ionized donor-like traps (N td ) and net effective ionized acceptor-like traps (N ta ). N td and N ta are obtained by integrating the position and energy distribution of ionized donor-like and acceptor-like traps as given by
Here, p td and n ta are the areal densities of ionized donor-like and acceptor-like traps (units are cm À2 eV
À1
) and have different sign since ionized donor-like traps are positively charged and ionized acceptor-like traps are negatively charged. Applying Gauss's law accounts for charges near the SWCNT/dielectric interface having a greater effect on V fb than charges away from the interface. In this x-axis, definition x ¼ 0 at the gate/dielectric interface and x ¼ t d at the CNT/dielectric interface. The formulation of N t approximates the back-gate/dielectric/SWCNT single tube system as a planar structure with gate width equivalent to the arc length of a cylindrical nanotube device (i.e., W % ht d , where h is the CNT azimuthal angle over which the device is approximated by a planar structure).
Transient charge trapping mechanisms are described in terms of recombination-generation statistics at the SWCNT/ dielectric interface. The ionization rates for acceptor-like and donor-like traps are given by the time rate of change in the SWCNT electron and hole concentrations due to generation and recombination mechanisms and are expressed as 22 dp td dt ¼ c p n td p À p td pe
dn ta dt ¼ c n p ta n À n ta ne
In this notation, n and p are the SWCNT electron and hole carrier concentration per unit length, n t and p t are the number of occupied and empty traps per gate dielectric unit area per eV, c n and c p are the electron and hole capture coefficients, and E T is the trap energy level referenced to E F . The total number of available traps is given by the sum of occupied and empty traps, i.e., D T ¼ n t þ p t . The subscripts d and a denote donor and acceptor traps. The electron and hole concentrations are, respectively, calculated as the total number of occupied energy states in the conduction and the total number of empty energy states in the valence band and are given by
where F(E, w s ) is the Fermi-Dirac distribution function given by
From units considerations, electron and hole capture coefficients must have dimensions of 1/(concentration-time) or cm/s. Additionally, for traps located within the dielectric layer, the capture coefficients are reduced by a factor that increases exponentially with distance from the SWCNT/dielectric interface. This factor comes from the WKB approximation for quantum-mechanical tunneling from the SWCNT to the trap across the classically forbidden dielectric region. The electron and hole capture coefficients are expressed as
where c n0 and c p0 are constants and j 0 is a function of the potential barrier at the CNT/dielectric interface (/ B ) and is given by j These results are from self-consistent calculations of w s and trap generation-recombination statistics under steady state conditions (i.e., dp td /dt ¼ dn ta /dt ¼ 0). The calculations in gate bias resulting from the modulation of w s changing the trap occupancy. Negative V g values raise the hole concentration and the density of ionized donor-like traps (solid lines in Fig. 8(c) ) that contribute positive charge. The increased net positive charge contribution due to N td results in negative shifts in the electrical characteristics as shown in Figs. 8(a)  and 8(b) . On the other hand, positive V g values result in a greater density of negatively charged ionized acceptor-like traps (dashed lines in Fig. 8(c) ) with the opposite effect on the electrical characteristics (i.e., positive shifts). Traps with small capture/emission times (i.e., recombination-generation mechanism will reach steady state for a given measurement condition) will not result in gate hysteresis but will cause shifts and vary the slope of the electrical characteristics as a function of trap density as shown in Fig. 8 .
The transient effects of recombination-generation statistics are investigated through self-consistent calculations of surface potential, capacitance, and trapping mechanisms as described by the trap ionization rates. A voltage sweep rate is specified (V sw in units of V/s), from which the time per voltage step is obtained (t step ). For N number of voltage steps t step ¼ (V gmax -V gmin )/(NV sw ). For each voltage step, selfconsistent calculations are performed based on finite difference time discretization using an implicit time-stepping scheme. 24 Dual V g sweeps are simulated to investigate hysteresis effects on the SWCNT electrical characteristics. Fig. 9 are transient calculations of w s , C CNT , and N t ¼ N td -N ta as a function of V g for no traps (i.e.,
Shown in
) and for a uniform distribution of traps within 60.5 eV. The results in Fig. 9 are for a voltage sweep rate of V sw ¼ 0.33 V/s and reveal the effects of gate hysteresis. As before, the calculations in Fig. 9 are for a (13,0) zigzag SWCNT with uniformly distributed amphoteric traps and t d ¼ 8 nm. The values for c n0 and c p0 give capture times on the order of milliseconds to seconds for reasonable values of carrier concentrations (i.e., when device is "on") consistent with experimental observations. 3 The effects of trap non-uniform energy distribution on the relationship between hysteresis width (h) and V gmax are investigated analytically through simulations of transient trapping mechanisms. Fig. 10 shows calculations of h as a function of V gmax for different energy distributions of near-interfacial traps. Fig. 10(a) plots the trap energy distributions (i.e., uniform, linear, quadratic, and exponential distributions) where all distributions are normalized to the same total number of traps per unit area (i.e., the integral of D T (E T ) is fixed) and Fig. 10(b) plots the calculations of h as a function of V gmax for the different distributions and for increasing values of the normalized D T . In these calculations, h has been extracted as which is equivalent to the difference in V g intercept at w s ¼ 0 for the simulated positive and negative gate sweeps and accounts for voltage shifts due to ionized donor-like and acceptor like traps. For the case of uniform D T , the trap density is increased equally for all energies and the charge contribution from ionized traps results in similar increments in h for all values of V gmax . On the other hand, the increase in h as a function of trap density has a stronger dependence on V gmax for non-uniform D T energy distributions (i.e., for linear, quadratic, and exponential distributions). This is due to a greater buildup in trap density specified near the band edges where they are more likely to be ionized with increasing V gmax . In fact, good qualitative agreement between simulations and experimental data can be obtained using a "U-shaped" non-uniform energy distribution of D T within 15 nm from the SWCNT/SiO 2 interface (t d ¼ 50 nm in the measured SWCNT FETs). In this comparison, we assume that mostly the semiconducting tubes contribute to hysteresis and we use a (13, 0) SWCNT from an array of aligned tubes with density d ¼ 1 lm À1 to describe their average hysteresis contribution. The U-shaped energy distribution of D T is modeled with Gaussian components near the band edges. Shown in Fig. 11(a) is the simulated non-uniform distribution of interface traps and the buildup as a function of total ionizing dose. Calculations of hysteresis width as a function of V gmax for the simulated D T are shown in Fig. 11(b) . Finally, the comparison with experimental data is given for the increase in hysteresis width (Dh) as a function of TID for various values of V gmax with good qualitative agreement. Near-interfacial traps with similar U-shaped energy distributions have been used in other semiconductor/oxide systems resulting in good agreements with experimental data. [25] [26] [27] V. CONCLUSIONS
The effects of near-interfacial trapping induced by ionizing radiation exposure of aligned SWCNT arrays are investigated via measurements of gate hysteresis in the transfer characteristics of aligned SWCNT FETs. Gate hysteresis is attributed to charge injection from the SWCNTs into radiation-induced traps in regions near the SWCNT/dielectric interface. Measurements reveal an increase in hysteresis width (h) with gate voltage sweep range (V gmax ) attributed to larger carrier densities in the SWCNTs contributing to charge injection resulting in accumulation of trapped charges. Additionally, the relationship between h and V gmax depends on the energy distribution of the trapping centers since the ionization probability for traps with energy levels closer to the band edges increases with V gmax . In other words, V gmax modulates the energy levels that are accessible for trapping. Thus, the effects on non-uniform trap buildup are characterized via the dependence of h on V gmax as a function of ionizing radiation exposure. Exposed SWCNT FETs reveal a more pronounced increase in hysteresis as a function of TID for measurements with larger V gmax . Reduced transconductance (g m $ @I d /@V g ) and negative voltage shifts in the I d -V gs characteristics are also measured as a function of TID. These results are, respectively, attributed to degraded carrier mobility (e.g., due to increased Coulomb scattering from trapped charge) and to radiation-induced fixed charge (i.e., hole trapping) in the bulk of the gate oxide.
The effects of charge injection on gate hysteresis are described through the generation-recombination of carriers in the nanotube array via the interaction with near-interfacial traps in the gate dielectric with energies distributed within the energy bandgap (E G ) of the semiconducting SWCNTs. Self-consistent calculations of surface-potential, carrier density, and trapped charge are used to describe hysteresis as a function of ionizing radiation exposure. The calculations demonstrate the relationship between hysteresis width and trap density (D T ) resulting in a stronger dependence on V gmax for non-uniform D T energy distributions. Good agreement between theory and experimental data is obtained with a "U-shaped" non-uniform energy distribution of D T described through Gaussian components near the band edges located within 15 nm from the SWCNT/SiO 2 interface. 
